Most monogenic cases of obesity in humans have been linked to mutations in genes encoding members of the leptin-melanocortin pathway. Specifically, mutations in MC4R, the melanocortin-4 receptor gene, account for 3-5% of all severe obesity cases in humans 1-3 . Recently, ADCY3 (adenylyl cyclase 3) gene mutations have been implicated in obesity 4,5 . ADCY3 localizes to the primary cilia of neurons 6 , organelles that function as hubs for select signaling pathways. Mutations that disrupt the functions of primary cilia cause ciliopathies, rare recessive pleiotropic diseases in which obesity is a cardinal manifestation 7 . We demonstrate that MC4R colocalizes with ADCY3 at the primary cilia of a subset of hypothalamic neurons, that obesity-associated MC4R mutations impair ciliary localization and that inhibition of adenylyl cyclase signaling at the primary cilia of these neurons increases body weight. These data suggest that impaired signaling from the primary cilia of MC4R neurons is a common pathway underlying genetic causes of obesity in humans.
most common monogenic cause of severe obesity in humans, and individuals with homozygous null mutations display severe earlyonset obesity [1] [2] [3] . Similarly, in mice, deletion of Mc4r causes severe obesity 17 . MC4R is a central component of the melanocortin system, a hypothalamic network of neurons that integrates information about peripheral energy stores and that regulates food intake and energy expenditure 18 . Despite being a major target for the pharmacotherapy of obesity, little is known about the subcellular localization of MC4R.
When expressed in unciliated heterologous cells, MC4R traffics to the cell membrane 2 . However, in ciliated cells such as mouse embryonic fibroblasts (MEFs), retinal pigment epithelium (RPE) or inner-medullary collecting duct (IMCD3) cells, we found that a previously well-characterized, functional, C-terminally GFPtagged MC4R (MC4R-GFP) 19 localized to primary cilia (Fig. 1a) . In a quantitative assay developed in IMCD3 cells, we found that the ciliary enrichment of MC4R was comparable to that of Smoothened (SMO), a known cilium-enriched protein 20, 21 , and was the strongest among members of the melanocortin-receptor family (Fig. 1b ).
We set out to determine whether, and to what extent, MC4R localizes to primary cilia in mice. Most of the anorexigenic activity of MC4R is due to its function in a subset of single minded 1 (SIM1)-expressing neurons of the paraventricular nucleus of the hypothalamus (PVN) 22 , and all MC4R-expressing neurons in the PVN express SIM1 (ref. 23 ). Using a transgenic mouse line in which GFP was expressed in all SIM1-expressing neurons, we first investigated whether SIM1-expressing PVN neurons were ciliated. We found that adenylyl cyclase 3 (ADCY3)-positive primary cilia were present in most SIM1-expressing neurons of the PVN ( Supplementary Fig. 1 ).
Previous attempts to determine the subcellular localization of MC4R in vivo in mice have been unsuccessful, owing to the small number of neurons in which it is expressed, its low abundance and the lack of tractable antibodies. To circumvent these limitations, we used Cas9-mediated recombination in mouse zygotes to insert a GFP tag in frame at the C terminus of the endogenous Mc4r locus ( Fig. 2a ). The MC4R-GFP/+ knock-in mice did not have an obvious energy-metabolism phenotype and were fertile, thus suggesting that the C-terminal GFP did not substantially impair the trafficking or function of MC4R in these mice. Confocal imaging of the PVN of these mice demonstrated that MC4R and ADCY3 colocalized to the primary cilia of a subset of PVN neurons ( Fig. 2b- 
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If MC4R localization to primary cilia is essential for its function, we reasoned that human obesity-causing mutations in MC4R might impair its function by compromising its ciliary localization. Heterozygous MC4R mutations are the most common genetic cause of severe childhood obesity 1 , and more than 50 different obesity-associated mutations in MC4R have been described 24 ( Supplementary Fig. 2 ). Functional assessment of the effects of these mutations in nonciliated cells indicated that many of these mutations disrupt trafficking of the receptor to the membrane or impair ligand activation ( Supplementary Fig. 2 ). In nonciliated HEK293 cells, eight obesity-associated MC4R mutant proteins (p.Arg7His, p.Thr150Ile, p.Pro230Leu, p.Gly231Ser, p.Arg236Cys, p.Leu250Gln, p.Gly252Ser and p.Ile130Thr) traffic normally to the cell membrane and respond normally to α -melanocyte-stimulating hormone (α -MSH) activation 2,24-27 . To determine whether any of these mutants caused altered ciliary localization of MC4R, we quantified their ciliary enrichment in IMCD3 cells ( Fig. 3a ). We found that p.Pro230Leu and p.Arg236Cys significantly decreased MC4R ciliary localization. Notably, these two alterations are located Means were compared with those for GFP (n = 12 cells, mean = 1.24), and one-tailed Dunnet's multiple comparison test was applied. Smo-Myc, n = 7 cells, mean = 2.35, P = 0.0001; MC1R-GFP, n = 13 cells, mean = 1.29, P = 0.9995, MC2R-GFP, n = 13 cells, mean = 1.23, P = 0.9999, MC3R-GFP, n = 10 cells, mean = 1.24, P = 0.014; MC4R-GFP, n = 9 cells, mean = 2.68, P = 0.0001, MC5R-GFP, n = 9 cells, mean = 1.96, P = 0.0008. 
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in the third intracellular domain of MC4R ( Supplementary Fig. 2 ), a domain previously implicated in the ciliary localization of other GPCRs 28 .
To further determine whether the MC4R p.Pro230Leu alteration alters ciliary localization in vivo, we injected adeno-associated viruses (AAVs) expressing MC4R p.Pro230Leu-GFP and MC4R-GFP in a Cre-dependent fashion into Sim1-Cre transgenic mice ( Fig. 3b-d) .
The human wild-type MC4R-GFP localized to primary cilia of Sim1-expressing PVN neurons ( Fig. 3e-h) , thus confirming that the human receptor also traffics to the cilia in vivo. In contrast, MC4R p.Pro230Leu-GFP did not colocalize with ADCY3 in primary cilia ( Fig. 3i-l) . Together, these results suggested that MC4R mutations may cause human obesity by altering the ciliary localization of the receptor. If MC4R and ADCY3 function at the primary cilia to regulate body weight, we predicted that specific inhibition of adenylyl cyclase at the primary cilia of MC4R-expressing neurons should be sufficient to cause obesity. Specific inhibition of adenylyl cyclase at the primary cilia of neurons can be achieved by expression of a constitutively active version of the cilia-specific G i -protein-coupled receptor GPR88 (GPR88 p.Gly283His, denoted GPR88*) 29 . GPR88* was delivered to Sim1-expressing neurons of the PVN through the same approach used for the hMC4R-GFP double-floxed inverted orientation (DIO)-AAV ( Fig. 3) , but a high level of virus was delivered at the midline to ensure high coverage of PVN neurons ( Supplementary Fig. 3 ). Because visualization of cilia expression requires confocal imaging, a DIO-AAV for mCherry expression was co-injected with the DIO-AAV for expression of a Flag-tagged version of GPR88* to allow the accuracy of the targeting and the coverage of the PVN at the end of the experiment to be determined in each mouse ( Supplementary Fig. 3 ). Weight-paired littermate mice injected with only DIO-AAV-mCherry were used as controls. After AAV injections, mice in which Flag-GPR88* was expressed at the primary cilia of Sim1-expressing PVN neurons increased their food intake and gained significantly more weight than did controls ( Fig. 4) , thus demonstrating that adenylyl cyclase signaling at the primary cilia of these neurons is essential for the regulation of body weight. Together, our data suggest that impaired signaling from the primary cilia of MC4R-expressing neurons is a common pathway for syndromic and nonsyndromic causes of monogenic obesity in humans. Our data do not indicate, however, that primary cilia are necessary for G s coupling and ADCY activation by MC4R, because these processes occur in nonciliated cells. Instead, our data suggest that this signaling must occur at the primary cilia, because impairing localization of MC4R at the primary cilia or inhibiting ADCY at the primary cilia impaired regulation of body weight. This functional link between MC4R and ciliopathy-associated obesity parallels findings underlying other human ciliopathy-associated phenotypes. For example, syndromic and nonsyndromic polycystic kidney disease is linked to impaired function of polycytin 1 and 2, proteins expressed at the primary cilia of renal tubular cells, whereas impaired function of rhodopsin in the anterior segment of retinal cells, a specialized primary cilium, is a common pathway for both common and ciliopathy-associated retinal phenotypes 7 .
Our findings also provide important new insights into the subcellular basis underlying the relationship between short-term regulation of food intake and long-term regulation of energy homeostasis. PVN MC4R-expressing neurons are part of a neuronal circuitry implicated in short-term control of feeding, because they receive synaptic gabanergic and glutamatergic inputs, particularly from the arcuate nucleus of the hypothalamus 30 . MC4R itself, however, controls long-term energy homeostasis, as evidenced by the phenotype of MC4R-deficient mice or humans, and both MC4R ligands have a slower effect on food-intake regulation. In strong support of this model, a recent report has elegantly established that the PVN MC4R-expressing neurons receive fast-acting food-intake-regulating synaptic inputs from the arcuate nucleus that are postsynaptically modulated by MC4R through its slower-acting neuropeptide ligands α -MSH and AGRP 30 .
Our finding that MC4R localizes to the primary cilia of MC4R PVN neurons provides for a subcellular compartmentalization of the slower signaling by the endogenous MC4R ligands, thus allowing for independent control of long-term energy homeostasis in neurons also implicated in the short-term regulation of food intake.
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